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Abstract 
Mechanical properties of steel-concrete interface are evaluated on the basis of three existing 
experimental evidences. The properties include bond strength, unbounded and bonded friction 
angles, residual level of friction angle, mode I fracture energy, mode II bonded fracture energy 
and unbonded slip-friction energy under different level of normal stress, and shape parameters 
defining geometrical shape of failure envelope. For this purpose, a typical type of constitutive 
model of describing steel-concrete interface behavior is presented based on a hyperbolic three-
parameter Mohr-Coulom failure criterion. The constitutive model depicts the strong dependency 
of interface behavior on bonding condition of interface, bonded or unbounded. Mechanical roles 
of interface parameters are discussed based on the presented interface model. Values of the 
interface parameters are determined through interpretation of existing experimental results, 
geometry of failure envelope and sensitivity analyses. These values are applied to push-out tests 
of concrete-infilled rectangular steel columns with three different cases of interface lengths. 
Failure process of concrete-infilled rectangular steel column is discussed through comparison of 
experimental measurements with numerical results.  
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Numerical prediction of interface behavior using nonlinear finite element framework requires 
a constitutive model to describe the progressive failure localized into interface region. 
Numerous research works have been made to model the localized failure process on steel-
concrete interface in the lumped manner (Katona (1983), Plesha (1987), Stankowski et al. 
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(1993a, 1993b), Lotfi et al. (1994), Carol et al. (1997 and 2001), Hajjar et al. (1998), Soh et al. 
(1999), and Lei (2001) among others). Most of the models except for the early work of Katona 
(1983) that used Lagrange multiplier method adopted the fracture energy release concept to 
depict the localized deformation process on the basis of plastic flow theory with the Mohr-
Coulomb failure criterion. However, even if the models are well established based on a robust 
continuum theory of plasticity, the values of parameters defining the constitutive equation have 
to be properly determined from the experimental results for a practical purpose. The parameters 
are bond strength, unbounded and bonded friction angles, residual level of friction angle, mode I 
fracture energy, mode II bonded fracture energy and unbonded slip-friction energy under 
different level of normal stress, and shape parameters defining geometrical shape of failure 
envelope. Little effort has been expended to extract the fundamental properties from post-peak 
measurements as only limited number of literature is available currently (Rabbat et al. (1985), 
Chajes et al. (1996), and Chiew et al. (1999)). Consequently, the lack of quantitative definition 
of parameters has hampered the numerical implementation to predict the behavior of steel-
concrete composite structure and the further development of constitutive formulation of steel-
concrete interface. This paper is concentrated on defining mechanical properties of constitutive 
parameters in steel-concrete interface. 
Steel-concrete interface behavior is defined in the normal and tangential directions to the 
interface plane. Once reaching their critical states, tensile and shear behaviors in the normal and 
tangential directions, respectively, follow mode I type of debonding and mode II type of slip 
mechanisms of failure with the corresponding fracture energies dissipated. The slip on the 
interface strongly depends not only on the magnitude of the normal stress to the interface but 
also on the bonding condition of interface, bonded and unbounded, as Rabbat and Russell 
(1985) and Chiew et al. (1999) observed in their experiments performed on sandwich-typed 
steel-concrete interface specimen tests.  
To identify constitutive parameters, a comprehensive constitutive model that accounts for the 
strong dependency of interface slip behavior on the bonding condition of interface is presented 
by modifying the hyperbolic Mohr-coulomb failure criterion of Lotfi et al. (1994) and Carol et 
al. (2001). The modification is obtained by expressing the bonded friction angle in terms of the 
unbonded friction angle and friction adjusting parameter. Values of parameters defining the 
model are determined through existing experimental results, geometry of failure envelope and 
sensitivity analyses. Only a few experimental results are available to evaluate mechanical 
properties of interface parameters because of highly pressure-sensitive nature of steel-concrete 
interface. Consequently, three existing experimental evidences of Rabbat and Russell (1985), 
Shakir-Khalil (1993 and 1994), and Chiew et al. (1999) are used to determine the values of 
parameters defining the model. Maximum value of unbonded friction parameter, residual level 
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of friction parameter and unbonded slip-friction energy are calculated from the unbonded tests 
of Rabbat and Russell (1985). Bond strength and mode I fracture energy are determined by 
geometrical relationships between parameters. Mode II bonded fracture energy and shape 
parameters of failure envelope are determined through sensitivity analyses performed based on 
experiments of Shakir-Khalil (1993) and Chiew et al. (1999). As a result, those values are 
applied to push-out tests of concrete-infilled rectangular steel columns with three different 
cases of interface lengths of Shakir-Khalil (1993 and 1994). Failure process of concrete-
infilled rectangular steel column is discussed through the comparison of experimental 
measurements with numerical predictions. 
 
2. Failure Criterion of Steel-Concrete Interface 
 
Interface behavior between steel and concrete can be decomposed of mode I type of debonding 
and mode II type of slip. Based on test results of Rabbat and Russell (1985) and Chiew et al. 
(1999), the slip behavior is categorized into bonded and unbonded slips depending on the 
bonding condition of the interface. Numerous failure criteria to define the failure state of the 
interface have been presented based on the Mohr-Coulomb criterion including a linear 
representation of Plesha (1987), a parabolic representation of Stankowski et al. (1993), and a 
hyperbolic representation of Lotfi et al. (1994) and Carol et al. (1997). To incorporate the 
interface behavior of unbonded as well as bonded, the hyperbolic representation of failure 
envelope of Lotfi et al. (1994) and Carol et al. (1997) is modified as 
 
{ }2 2 2( , , , , ) ( ) 2 ( )N T b T b N NF b k b k bσ σ φ σ φ σ σ= − − − −             (1) 
where Nσ  is the normal stress, 
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T L Mσ σ σ= +  is the tangential stress,  is the bond 
parameter,  is the curvature parameter that defines the curvature of the hyperbola. In Eq. (1), 
the bonded friction parameter 
b
k
bφ  that defines the friction angle of bonded interface is 
expressed as 
b u bφ φ η= +                               (2)                
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where uφ  is the friction parameter that defines the friction angle for the unbonded interface, 
and η  is the friction angle adjusting parameter that adjusts the friction angle from unbonded to 
on eometry of the bond, curvature and friction parameters are shown in Fig. 1. Value of 
friction parameter in Eq. (2) is defined by Coulomb’s friction rule and smaller than 1.0 for 
unbonded while greater than 1.0 for bonded according to the test results of Rabbat and Russell 
(1985)  Chiew et al. (1999). Thereby, the friction angle adjusting parameter 
b ded. G
 and η  in Eq. (2) 
depicts the difference in frictional resistance between bonded and unbonded. 
 
 
Fig. 1 Three-parameter failure envelope  
of steel-concrete interface 
controlled by decreasing the values of three parameters 
 
Gradual contraction of failure envelope to simulate the progressive failure of interface is 
φ , b , and k  from the maximum 
values of maxφ , maxb , and to the residual values of maxk  resφ , , and , respectively. 
The missing link between the maxima and residues of 
resb resk
φ , b , and k  is resolved by 
introducing mode I fracture energy IfG , mode II bonded fracture energy 
II
fbG  and unbonded 
slip-friction energy IIfuG , and related plastic works of PNW  and PT  W in nomal and tangential 
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directions, respectively. To account for the effect of shear slip on debonding, the bond 
parameter is approximated by independent energy fractions of plastic works to fracture 
energies of ode I and II similarly to Lotfi et al. (1994). However, friction and curvature 
parameters are approximated by an energy fraction related to mode II me
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Nβ  and Tβ  are the softening shape parameters of mode I and mode II, respectively, 
and α  and γ  
 un
are the shape parameters of friction and curvature, respectively
ded slip behavior as shown in Fig. 2, the three parameters of Eq. (3) are 
. In case of 
debonding or bon
modified as; 1) Debonding behavior: the bond parameter b  governs the interface fracture 
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2) Unbonded slip behavior: the friction and curvature parameters of φ  and diminish from 
e maxim  the residues while the bond parameter remains its residual. 
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ve displacement relationships; (a) normal direct n (b) tangential direction 
 
Plastic works 
Fig. 2 Stress-relati io
PNW  and PTW  in Eq. (3) that drive the interface failure process are defined in 









PN T T PT
duσ σ
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= − ⋅
cremental plastic displacement in the current state 
                 (6) 
where the in 2 2du du du= +  and the PT PL PM
residual shear stress 2( ) 2 (res res res res resT N Nb k bσ φ σ σ= ± − − − ) . 
 
In the case of infinitesimal deformation, the total displacement rate vector  may be 
decomposed into independent elastic and plastic compone
 
3. Elasto-Plastic Interface Formulation  
 
u&
nts of eu&  and pu& , respectively, as 
e p= +u u u& & & . Adopting a zero-thickness finite interface el ative 
displacement in local coordinate is expressed as 
ement in Fig. 3, stress-rel
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e p: ( )= −σ D u u& & &                               (7) 
where  and , and subscripts { }TL M Nσ σ σ=σ { }e
T
L M Nu u u=u L , M , and 
denote the or ctions of loca Elastic tangent operator in Eq. (
defined along each orthogonal direction as  
N  
































(a)                           
 
          (b) 
Fig. 4 Incremental plastic work; (a) Mode I type (b) Mode II type 
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Adopting a nonassociated flow rule, the plastic displacement vector pu&  is defined in terms of  
p =λu m&&                        (9) 
where 
       
λ&  and m are the plastic multiplier and the plastic flow vector, res 
0>
pectively. When the 
 with elastic increments of Eq. (7) violates the cu
Eq. (1), i.e. , the plastic flow occurs. Truncated Taylor series expansion of Eq. (1) leads 
at of consistency to calcul
current stress rrent state of failure criterion of 
F
to the linearized form ate the plastic multiplier λ&  where the failure 










& & &                       (10) 
where equivalent plastic displacement  is obtained by Euclidean norm of pu& pu λ= m&& . The 
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where the gradient , /F= ∂ ∂n σ /Q= ∂ ∂m σ  and  is plastic potential. The hardening 
parameter 
Q
H  in Eq. (10) is calculated by the chain rule of differentiation as 
b u b PNPT WW WF F F b bH φ φ φ
⎛ ⎞⎛∂ ∂ ∂ ∂∂ ∂∂ ∂ ∂ ∂ ∂
= + + +⎜ ⎟⎜ PT
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Fig. 5 Nonassociated plastic flow; (a) Direction of plastic flow on failure surface  
  




When shear slip proceeds on interface, dilatancy of interface decreas
residue and confining pressure acting on the interface along normal direction. Nonassociated plastic 
flow rule is adopted to control the excessive dilatancy that is commonly encountered in a 
n this  of non-associated plastic flow vector 
u  flow vector  as the case of 
ntional plasticity of Lee and Willam (1995). Along the line of concept  nonassociativity 
ty factor 
es due to abrasion of the 
computational plasticity (see Fig. 5(a)). I paper, direction
m is determined through the way of adj sting associated plastic n
,conve
intensi If  is introduced as a function of nonassociativity inflection parameter PI  which 
designates normal stress value of not having the flow component along normal stress direction on the 
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∂ ∂
where nonassociativity intensity factor If  is defined as { }
2( ) /I N IP IPf σ σ σ= − . 
The elastoplastic tangent operator, epD , to link stresses and relative displacements is obtained 
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4. Parameter Values of Steel-Concrete Interface 
 
Values of parameters defining the presente l were determined through existing 
experimental y of failure envelope and sensitivity analyses. Due to limited 
number of experimental works, three existing experimental results of Rabbat and Russell (1985), 
Shakir-Khalil (1993), a al. (1999) 
     (14) 
d mode
results, geometr
nd Chiew et were adopted to determine the values of 




4.1 Experiments of Rabbat et al. (1985), Chiew et al. (1999), Shakir-Khalil (1993) 
Figure 6(a) shows a test specimen for steel-concrete interface tested by Rabbat et al. (1985). In their 
experiments, concrete block with 150mm thickness, 340mm width and 610mm length was cast and 
cured on steel plate with 25mm thickness, 360mm width and 710mm length of Grade 70 according to 
A516 of ASTM. Surface of the plate was treated according to SSPC-SP2-63 of Steel Structures 
Council Specifications. After 7 days of curing, concrete formwork placed on the plate was removed 
and concrete was cured in the laboratory with  temperature and humidity. At 28 days of 







 failed. Then, unbond
 pressure of N
was performed by applying slip  until the interface was 
completely ed slip test  the teste en in a same manner
but confining
 force
d specimwas perform  ed for
0.41MPa.σ =  
 
    
 
Fig. 6 Descriptions of test specimens of; (a) Rabbat et al. (1985) and (b) Chiew et al. (1999). 
 
Figure 6(b) shows a test specimen of Chiew et al. (1999) where 20mm thick steel plate was placed 
between two concrete blocks with 150mm width, 150mm height and 65mm thickness. To investigate 
the effect of confining pressure on interface behavior, three different leve confining pressure ls of 
including ,  and  were applied to specimens. In case of 1.0MPa 1.5MPa0.5MPaNσ =
1.5MPaNσ = , unbon  slip test with 1.5MPaNded σ = was performed for the same specimen that 
Shakir-Khalil (1993) performed 40 tests of concrete-infilled rectangular steel column to determine 
the failure strength of a steel-concrete interface. To investigate the effect of the number of shear studs 
was already tested for bonded slip to observe the difference between bonded ad unbounded.  
on the failure strength, specimens with 2, 4, and 6 shear studs were tested as well as those with no 
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shear stud. All the specimens had 150 150 mm×  cross section and 5mm  thick steel plate. 
the interface area on the failure strength. 
Three 
different interface lengths of 200mm, 400mm and 600mm were considered to investigate the effect of 
teel-concrete interface including six of mechanical properties and three 
he three test results and sensitivity 
Constitutive parameters of s
of shape parameters of failure envelope were evaluated based on t
analysis. Mechanical properties of the maximum value of friction parameter u
maxφ , the residual value 
of friction parameter resφ , and unbonded slip-friction energy IIfuG  
eter 
were deter ined from the test 
results of Rabbat et al. (1985). Friction angle adjusting param
m




fbG  were determined through sensitivity analyses he test results of 




ed based on t
etrical relations of thre
n pa
 Bond s maxb  
defining a failure envelope function. Finally, nonasso nflectio eter pI  was 
determined through sensitivity analyses for the test results of Shakir-Khalil (1993). 
4.2 Determination of Interface P meter Values 
 Maximum value of un
  
ara
bounded friction parameter , residual friction parameter resφmaxuφ , 
unbonded slip-friction energy IIfuG  
Rabbat and Russell (1985) obtained the maximum values of average shear stresses of 
and  from bonded and unbonded tests, respectively, and 
um parameter of  and , respectively. 
nd Russe denotes the stress 
f av  as shown in Fig. 
ictio
max 0.41 MPaTbσ =
residual and maxim
Ta le 1 summarizes the
to which the level o
7. Unbond -fr
max 0.28 MPaTuσ =
 values of friction 









age shear stress converges as the slip increases far eno
ed slip nergy IIfuG  was obtained to be suring the 
area of T rve in
 
 
2m/mm  by mea 0.21 NNσ m⋅






Table 1 : Experimental results of Rabbat et. al. (1985) 
Averaging shear stress (MPa) 
Bonded case Unbonded case 





Max. Ave. Max. Res. Max. Ave. Min. Ave. 
1 25.0 0.46 0.28 0.23 0.68 0.56 
2 25.6 0.37 0.32 0.24 0.77 0.58 
3 25.6 0.4 
 
0.41 









































Fig. 7 Unbonded slip test results of Rabbat et. al. (1985) 
 Curvature parameter and bond strength 
A linear equation of 
maxk  maxb  
max max max max( )b N Tb kφ σ σ+ + =  b to define bond strength  was obtained 




bφ , , and from the geometry of the maximum lope shown 
in Fig.  of Eq. (2) and ed from the 
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 from sensitivity analysis. Bond strength bmax  can be re












Fig. 8 Geometrical des ion of interface parameters  
 
 Mode I fracture energy 
cript
I II
fG , mode II fracture energy fbG , friction angle adjusting 
parameter η , and nonassociativity inflection parameter pI  
Values of mode I fracture energy IfG , mode II bonded fracture energy 
II
fbG , tio an e 
adjusti
fric n gl
ng parameter η , and nonassociativity  
alyses performed based on the test results of Chiew et al. (1999). Three levels of 
confining pressure were considered including 
inflection parameter  were determined through the
sensitivity an
pI
Nσ = 0.5, 1.0, and MPa as the case of tests. The 
parameter values of re used in the 




max 0.7uφ = , 0.57=
resφ , and 2  we
1985).
0.21 mm/mmIIfuG σ
abb d Russell (
max
analysis which were obtained based on the test results of R
sensitivity analyses, the maximum values of shear stress Tbσ  corresponding to each confining 
pressure were 0.79, 1.51, and 2.25 MPa, respectively, and bond strengths maxb  were obtained to 
be 0.086, 0.096, and 0.108 MPa, respectively. Based on the values, the values of IIfbG , 
I
fG , η , 
and pI  were obtained to be 
2(6.5 0.12) N mm/mmNσ + ⋅ , 
20.2 N mm/mm⋅ , 6.5 , and 
0.25 MPa− , respectively. Figs. 8-16 show sensitivity analysis results and compare those with 





4.3 Prediction of the Test Results of Shakir-Khalil (1993) 
he determined parameter values were used to predict the interface behavior of concrete-infilled 
ctangular steel column tests of Shakir-Khalil (1993). Figure 17 shows the undeformed and 
deformed shapes of the quarter model of the specimens with three different interface lengths of 
200, 400, and 600mm, i.e. in the ratio of 1:2:3. Three dimensional 8-node brick element, 4-node 
Mindlin-type shell element and 8-node zero-thickness element were used for finite element 
modeling of concrete, steel plate and interface, respectively. A conventional three dimensional 
elasto-plastic constitutive model based on four-parameter failure criterion and von Mises failure 
criterion were used to depict material nonlinearities of infilled-concrete and steel plate, 
respectively. Material properties and interface parameters used in the analysis are summarized 







                 
Fig. 17 Deformed and undeformed geometries of Shakir-Khalil’s test specimens with 200, 400 











Table 2 Parameter values for concrete nfilled steel c  
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ND (
3N/mm ) 10000 α  1.0 
max
uφ  0.7 Iβ  50.0 
resφ  0.57 IIβ  1.0 
maxb  0.062 γ  1.0 
resb  0 pI  -0.25 
maxk  0.031 IfG  
( 2N mm/mm⋅ ) 
0.21 Nσ  
resk  0 IIfbG  
( 2N mm/mm⋅ ) 
(6.5 0.12)Nσ +
 
   
Figure 18 compares the measured and predicted results of the applied load vs. slip 
displacement relationship for the three different interface length cases. The predicted results 
preserve agreement with the measured results except for the shortest interface length case of 
200mm where the measured peak load is much higher than the predicted one. It is shown in the 
predicted results that peak loads corresponding to each interface length case are approximately 
in the ratio of 1:2:3 which are similar ratio to interface lengths of 200, 400, 600mm. However, 
the ratio is not preserved for the measured results where the peak load of 200mm gets close to 
that of 400mm. In addition, post-peak behaviors for each interface length case of the predicted 
results are similar to one another and residual levels are in the ratio of 1:2:3. Based on the 
observations obtained from the predicted results, it is revealed that the interface resistance of 
concrete-infilled rectangular hollow section to a pushout force is proportional to interface area, 
which means that slip energy release rate in interface is constant regardless to interface area in 
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this particular case. However, it may be controversial because the measured results show that 
changing the interface length does not seem to have a direct and proportional effect on the load-
ca
oth of the measured and predicted results show 
the gradual strain increase in the steel wall from the top of specimen to the base. This is due to 
the load transfer from the core concrete to the steel hollow section through the slip resistance 
acting along the interface. Slopes of load vs. strain curves of gages 1 and 2 gradually increase 
upward while those of gages 3 and 4 gradually decrease downward as the applied load level 
approaches its peak. These slope changes indicate that the interface slip in gages 1 and 2 
occurred far before reaching peak, the interface slip in gage 3 occurred in the vicinity of peak, 
and the interface slip in gage 4 led to the sudden global failure, which results in strain recovery 
in steel. The measured and predicted results show good agreements in depicting the failure 
process as well as in comparing absolute values. 
 
rrying capacity of the specimens. Shakir-Khalil (1993) mentioned that the reason of not 
existing direct relation between the interface resistance and area could be interface condition, 
local imperfections and shrinkage of infilled concrete. Considering interface conditions is 
beyond the scope of current paper and additional test results are required in other to establish the 
relationship between the interface resistance and surface conditions. Restricting the scope of 
interests into the performance of current constitutive model and parameters, nevertheless, it is 
worth while to discuss a constant value of slip energy release rate, which could be acceptable in 
a mechanical sense, within the limitation of the interface behavior having uniform mechanical 
condition of interface.  
Figure 20 compares the longitudinal strain values measured at the four locations of the 600 
mm interface length specimen with the predicted strain values. Locations of strain gages 
attached on the specimen are shown in Fig. 19. B






























Fig. 19 Locations of strain gages attached on steel plate. 
 
5. Conclusion 
A way to evaluate the parameter values of steel-concrete interface model were illustrated when 
the constitutive formulation is based on the Mohr-Coulomb type failure criterion combined with 
the fracture energy concept to depict progressive interface failure. For this purpose, a 
comprehensive constitutive model to describe bond and slip failures of the interface was 
presented which has capability of depicting the dependency of interface behavior on bonding 
condition of bonded or unbonded. As the result, values of nine interface parameters were 
determined based on three experimental results, geometry of failure criterion and sensitivity 
analyses. Values of the three parameters of the maximum value of unbounded friction parameter 
max
uφ , residual friction parameter 
resφ ,  and unbonded slip-friction energy IIfuG
maxb
 were determined 
based on the experimental results of Rabbat and Russel (1985).  Values of the two parameters of 
curvature parameter  and bond strength  were determined based on the geometrical 
relationship of failure criterion. Values of the four interface parameters of mode I fracture energy 
maxk
I
fG , mode II fracture energy 
II
fbG , friction angle adjusting parameter η , and nonassociativity 
inflection parameter pI  were calculated by sensitivity analysis performed based on Chiew et al. 
(1999). The parameter values were applied to predict the slip resistance of concrete-infilled 
rectangular steel column under pushout force. It was observed through the numerical failure 
prediction that the interface resistance of concrete-infilled rectangular hollow section to a 
pushout force was proportional to interface area leading to constant slip energy release rate 
17 
 
regardless of interface area for the particular case. In addition, it was assured that an enough 
load transfer occurs between steel and concrete until reaching global failure and upon reaching 
peak load level, the failure is sudden and results in strain recovery in steel part that means 
energy release strained in steel as well as in infilled-concrete.  
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